؉ T-cell responses. We found that prolonged treatment of latestage HIV-1-infected patients with a protease inhibitor and two nucleoside reverse transcriptase inhibitors failed to restore sustained, high levels of HIV-1-specific, HLA class I-restricted, cytotoxic-T-lymphocyte precursors and gamma interferon (IFN-␥) production by CD8 ؉ T cells. In some patients, particularly those initiating three-drug combination therapy simultaneously rather than sequentially, there were early, transient increases in the frequency of anti-HIV-1 CD8 ؉ T cells that correlated with decreases in HIV-1 RNA and increases in T-cell counts. In the other patients, HIV-1-specific T-cell functions either failed to increase or declined from baseline during triple-drug therapy, even though some of these patients showed suppression of plasma HIV-1 RNA. These effects of combination therapy were not unique to HIV-1 specific T-cell responses, since similar effects were noted for CD8 ؉ T cells specific for the cytomegalovirus pp65 matrix protein.
Combination antiretroviral therapy with two nucleoside reverse transcriptase (RT) inhibitors and a potent protease inhibitor can produce sustained suppression of human immunodeficiency virus type 1 (HIV-1) RNA in blood to fewer than 50 copies per l (16, 17) . The success of triple combination therapy has led to the hypothesis that HIV-1 could eventually be eliminated from infected individuals. The finding of persistent, latent HIV-1 in patients despite virus suppression with therapy (6, 10, 11, 13, 53, 54) , however, indicates that such treatment strategies alone may not be sufficient for control or elimination of viral infection.
The ability to generate high levels and a broad specificity of anti-HIV-1 cytotoxic T lymphocytes (CTL) is considered to be a critical component of the host immune response to HIV-1 (2, 5, 23, 24, 29, 43, 44, 52) . As for other chronic infectious diseases, it is possible that the long-term efficacy of combination antiretroviral therapy will require augmentation of host immune responses such as anti-HIV-1 CTL reactivity. Recent studies, however, have yielded contradictory evidence on the impact of combination antiretroviral therapy on anti-HIV-1 CTL reactivity. Several reports have shown that the numbers of anti-HIV-1 CTL precursors (CTLp), as measured in vitro in a 2-week, limiting dilution assay, increase with suppressive antiretroviral therapy in acute (8) and chronically infected patients (21, 37) . In contrast, others have reported that levels of circulating, CD8
ϩ CD38 ϩ T cells that bind HLA A2 tetrameric HIV-1 Gag p17 and RT peptide complexes decrease after initiation of antiretroviral therapy in patients with advanced immunodeficiency (15, 21, 30, 31) . In addition, none of these reports have addressed the breadth of the HIV-1-specific, CD8
ϩ T-cell reactivity that recovers with virus suppression. Significant differences in the CTLp and tetramer binding assays may account for the discrepant findings (33) . The CTLp assay is dependent on cell growth in vitro in response to antigen stimulation, which is subject to many experimental variables. In contrast, tetramer staining is a direct measure of the number of CD8 ϩ T cells specific for CTL epitopes that does not require in vitro cell growth, although it is not a direct measure of CD8 ϩ T-cell function. Single cell production of gamma interferon (IFN-␥) has recently been reported to be a sensitive assay for both the quantity and function of antiviral CTL (25, 33) . The antiviral and immunomodulatory effects of IFN-␥ are important in host control of viral infections (9) . This measure of immune reactivity does not depend on the capacity of the CD8 ϩ T cells to replicate and become active cytotoxic cells during prolonged in vitro culture. IFN-␥ production is also a result of both antigen-specific T-cell binding and conse-quent immune reactivity rather than just a measure of HLA class I tetramer binding to T cells.
We have therefore performed a detailed, longitudinal assessment of the effects of prolonged treatment with a simultaneous or sequential combination of a protease inhibitor (indinavir [IDV] ) and two nucleoside RT inhibitors (zidovudine [ZDV] and lamivudine [3TC]), on multiple parameters of HIV-1-specific, CD8
ϩ T-cell function in patients enrolled in the Merck 035 trial (16, 17) . Our results show that combination antiretroviral therapy did not lead to sustained recovery of high levels of CTLp and IFN-␥-producing CD8 ϩ T cells specific for HIV-1 Gag, Pol, and Env proteins. Thus, it may be necessary to use additional therapeutic approaches to augment HIV-1-specific CD8 ϩ cells in patients with advanced immunodeficiency on suppressive antiretroviral therapy.
MATERIALS AND METHODS
Patients. Of 27 HIV-1-seropositive adults who participated in the Pittsburgh portion of the Merck 035 trial (17), 14 were enrolled in this immunology substudy. Each patient gave written, informed consent approved by the University of Pittsburgh Institutional Review Board. Patients in the Merck 035 trial received at least 6 months of prior ZDV treatment; prior therapy with 3TC or a protease inhibitor was not allowed. Samples were also available from several years before the trial from 3 of the 14 patients who were previously enrolled in the Pittsburgh portion of the Multicenter AIDS Cohort Study (MACS), a longitudinal investigation of the natural history of HIV-1 infection. The 14 study participants were randomized to one of three treatment regimens as previously described (45) . Seven patients (group A) received 800 mg of IDV (Crixivan; Merck, West Point, Pa.) every 8 h plus 200 mg of ZDV (Retrovir; Glaxo-Wellcome, Research Triangle Park, N.C.) every 8 h and 150 mg of 3TC (Epivir; Glaxo-Wellcome) every 12 h concurrently; three patients (group B) received 200 mg of ZDV every 8 h and 150 mg of 3TC every 12 h, and four patients (group C) received 800 mg of IDV every 8 h. Matching placebos for these drugs were administered to subjects in the latter two groups.
The duration of the original clinical trial was to be 52 weeks, but because of the preliminary finding of greater antiviral activity of the triple-drug regimen, the study was amended during the trial to reduce the randomized, blinded treatment to at least 24 weeks, followed by open label triple-drug therapy for all study participants.
Six of the seven group A patients remained in this immunology substudy for its 148-week duration, while one (A1155) discontinued the substudy after 48 weeks but remained in the Merck 035 trial. One group B patient (B1171) and one group C patient (C1180) discontinued from the substudy due to virologic failure (a 2-to 3-log 10 rebound in viral RNA load) after 100 weeks.
Viral serology and load. Determination of HIV-1 antibody was done by enzyme immunoassay and immunoblotting. All of the patients were confirmed positive for prior cytomegalovirus (CMV) infection by an immunofluorescence immunoglobulin G antibody assay of serum (Immunopathology Laboratory, University of Pittsburgh Medical Center). Serum samples were assayed for HIV-1 RNA by the ultrasensitive quantitative RT-PCR assay (Amplicor; Roche) (16, 41) . Data are presented as copies of HIV-1 RNA per ml of serum, with the lower limit of detection being 50 copies of RNA per ml of serum.
T-cell phenotyping. T-cell subsets were quantified by flow cytometric analysis (Profile II; Coulter, Miami, Fla.) after staining with monoclonal antibodies (MAb) specific for CD3, CD4, and CD8 T cells (Becton-Dickinson, Mountain View, Calif.). Peripheral blood mononuclear cells (PBMC) were assessed for the proportions of CD8 ϩ and CD4 ϩ memory (CD45RO ϩ ) and naive (CD45RA ϩ ) subsets by three-color fluorescence using MAb conjugated to fluorescein isothiocyanate (FITC), phycoerythrin (PE), and phycoerythrin-cyanin 5.1 (PECy5); antibody combinations were CD45RO/CD45RA/CD8 or /CD4, HLA-DR/CD38/ CD8 or /CD4, and CD4/CD28/CD8 or /CD4. Three-color analyses were performed on an Elite ESP flow cytometer (Coulter).
CTLp assay. PBMC were prepared from cryopreserved cells for use as effectors in anti-HIV-1 CTLp frequency and bulk lysis assays (19) . Assay results from cryopreserved PBMC are similar to those using fresh PBMC (19) . There is also minimal variation in cytotoxic activity between replicates and split samples and in fresh PBMC obtained within several months from the same, untreated individuals (19) . A median of 10 samples (range, 8 to 13) obtained at baseline through up to 148 weeks of the trial were tested from each patient. PBMC were stimulated with psoralen-treated, UV light-irradiated, autologous, Epstein-Barr virustransformed B-lymphocyte cell lines (B-LCL) that had been infected overnight with vaccinia virus (VV) containing the combined Gag-Pol and Env coding sequences from the BH10 and HXB2 strains of HIV-1 LAI (VVgpe) (Therion Biologics, Cambridge, Mass.). This results in a consistent expression of the HIV-1 vector in Ͼ70% of the B-LCL (19) . The precursor frequencies were determined by limiting-dilution assay of PBMC seeded in complete medium containing 15% fetal calf serum (FCS). PBMC were seeded at 0 (medium control) and at 250, 500, 1,000, 3,000, 6,000, 12,000, and 16,000 cells per well in 24 replicate wells of 96-well round-bottom microtiter plates. To each well were added 2.5 ϫ 10 4 gamma-irradiated allogeneic PBMC from one or two HIV-1-seronegative normal donors as feeder cells, 100 U of recombinant interleukin-2 (rIL2; Chiron, Emeryville, Calif.), and stimulator cells (1,600 stimulator cells per well) from VV-GPE-infected, inactivated B-LCL. The cells were cultured for 14 days at 37°C in a 5% CO 2 atmosphere, with fresh complete medium containing 15% FCS and rIL2 added every 5 days. On day 14, the cells in culture were divided, transferred to two new wells, and adjusted to 100 l with complete medium containing 15% FCS. The numbers and viability of the cells were monitored by trypan blue dye exclusion. Cytotoxicity was measured against 51 Cr-labeled, autologous B-LCL (10 4 ) infected with recombinant VVgag, VVpol, VVenv, or the NYCBH strain of VV as a control (VVvac). The fraction of nonresponding wells was the number of wells in which the 51 Cr release did not exceed the mean spontaneous release plus 10% of the incorporated 51 Cr (total 51 Cr release Ϫ spontaneous 51 Cr release) divided by the number of wells assayed. The precursor frequency was estimated by the maximum-likelihood method with a statistical program provide by S. Kalams (Boston, Mass.). CTLp activity was expressed as the net precursor frequency per 10 6 PBMC, i.e., the number of CTLp/10 6 PBMC specific for HIV-1 antigen minus the number of CTLp/10 6 PBMC specific for non-HIV-1-expressing target cells. The mean (Ϯ standard error [SE]) number of CTLp in the VVvac control was 65 (Ϯ9) (n ϭ 158). For bulk lysis assays, PBMC were stimulated as in the precursor frequency assay and assessed against the same targets at three effector/target cell ratios (40:1, 20:1, and 10:1). For each determination, the value for the lysis of targets infected with the VV control was subtracted from the value for the HIV-1 protein-expressing targets. Data were calculated as lytic units per 10 7 cells derived from an exponential regression analysis of the multiple effector/target ratios (4), since these were highly correlated with the percent lysis for the individual effector/target cell ratios (43) .
Only data from the CTLp assays are shown because of the quantitative nature of CTLp determinations and the similar patterns of CTL lytic activity delineated by both the CTLp and bulk lysis methods (19, 43) . We have found that lytic activity was mediated by purified CD8 ϩ T cells and not by CD4 ϩ T cells and was not seen against HLA class I mismatched targets, indicating that the anti-HIV-1 CTLp response was mediated by HLA class I-restricted, CD8
ϩ T cells (19, 43) . Single cell IFN-␥ assay. A single cell-based enzyme immunoassay (ELISPOT) was done to enumerate the number of IFN-␥ producing cells (19a) by a modification of the methods of Tanguay and Killion (47) and Lalvani et al. (25) . A median of 11 (range, 7 to 13) cryopreserved samples were available from 11 of the 14 patients in this assay. Nitrocellulose membranes in 96-microwell polyvinylidene difluoride-backed plates (Millipore, Bedford, Mass.) were coated overnight at 4°C with 50 l of anti-IFN-␥ MAb (10 mg/ml, 1-DIK; Mabtech, Stockholm, Sweden) per well. The antibody-coated plates were then washed four times with phosphate-buffered saline (PBS; Biowhittaker, Walkersville, Md.) and treated with 180 l of RPMI medium (Life Technologies, Grand Island, N.Y.) per well containing 10% human serum (Sigma, St. Louis, Mo.) for 1 h at 37°C. The responder cells for this assay were either PBMC or, when sufficient cells were available, CD8 ϩ cells enriched by negative selection of PBMC with antibody-coated magnetic beads (anti-CD4, anti-CD19, and anti-CD16 MAb; Dynal, Lake Success, N.Y.) to remove CD4 ϩ T cells, B cells, and natural killer cells, respectively. We have found that CD8 ϩ T cells are the predominant cell type producing IFN-␥ in PBMC used in our assay (19A). A total of 10 5 to 10 6 of these PBMC or CD8 ϩ cells (98% pure) were stimulated with 10 4 to 10 5 VVgpeinfected, inactivated B-LCL as in the CTLp assay, in 200 l of AIM V Medium (Life Technologies) and incubated overnight at 37°C in 5% CO 2 . B-LCL infected with a VV expressing CMV pp65 matrix phosphoprotein (VVcmv; a gift from S. Riddell, University of Washington), known to be a major target antigen for CD8 ϩ CTL (27) , were used for comparative stimulation of IFN-␥-producing cells by a non-HIV-1 antigen. In certain experiments, PBMC or CD8 ϩ cells were incubated overnight at 37°C in 5% CO 2 with HLA A*02-associated, HIV-1 peptides (10 g/ml) in nitrocellulose membrane 96-well plates. These peptides were Gag p17 77-85 SLYNTVATL (49), Gag p24 151-159 TLNAWVKVV (36), Pol RT 476-484 ILKEPVHGV (50) , and Env gp120 192-199 KLTSCNTSV (3). The plates were washed four times with PBS containing 0.05% Tween 20 (Sigma), and 2 l of the secondary antibody (biotin-conjugated anti-IFN-␥ MAb 7-B6-1; Mabtech) per ml was added in 100 l to each well; the plates were then incubated for 2 h at 37°C in CO 2 . The plates were washed four times with PBS containing 0.05% Tween 20 and treated with avidin-bound, biotinylated horseradish peroxidase H (Vectastain Elite Kit; Vector Laboratories, Burlingame, Calif.) for 1 h at room temperature. The plates were then washed three times with PBS containing 0.05% Tween 20 and three times with PBS, followed by a 5-min incubation with 100 l of 3-amino-9-ethylcarbazole (Sigma) per well. The reaction was stopped with running tap water. The red-brown spots, representing single CD8 ϩ T cells producing IFN-␥, were counted with a dissecting microscope. PBMC or CD8
ϩ T cells stimulated with the phorbol ester, phorbol 12-myristate 13-acetate (1 ng/ ml), and the calcium ionophore, ionomycin (1 M/ml) (PMA-ionomycin; Sigma), were the positive control. PBMC or CD8 ϩ T cells were stimulated with B-LCL infected with the VVvac as the negative control for cells stimulated with VV-HIV-1 protein-expressing B-LCL and with medium alone as the negative control for the peptide-stimulated cells. The number of antigen-specific, CD8 stimulated with control VVvac-infected B-LCL from the cells stimulated with the B-LCL infected with either VVgag, VVpol, VVenv, or VVcmv or by subtracting the number of spot-forming cells in the medium control from the peptidestimulated cells. The mean (Ϯ the SE) numbers of spot-forming cells in the medium controls and in the VVvac control were 15 (Ϯ4) (n ϭ 97) and 100 (Ϯ14) (n ϭ 130), respectively.
Staining with peptide-HLA tetramers. To assess the association between frequency of cells producing IFN-␥ and binding the tetramers (1), we performed a parallel experiment using HLA A*0201 tetramer refolded around Gag p17 77-85 SLYNTVATL and HLA A*0201 tetramer refolded around Pol RT [476] [477] [478] [479] [480] [481] [482] [483] [484] ILKEPVHGV to stain cells from the same samples that were tested by the ELISPOT assay. PBMC from 6 of the 14 patients who were HLA-A*0201 (A1160, A1166, A1169, B1178, and C1164) and HLA-A*0212 (C1180), as typed by high-resolution, reference-strand-mediated conformation analysis (51) 
RESULTS

Suppression of HIV-1 load and changes in T-cell numbers with triple-combination antiretroviral therapy.
The baseline characteristics prior to study entry were similar among the 14 patients in the three treatment groups in this immunology study (P Ͼ 0.05 for T-cell numbers and HIV-1 RNA levels) ( Table 1) . By 14 weeks, all of the 7 patients who received the triple-drug combination from the study onset (group A) had Ͻ500 copies of HIV-1 RNA per ml of serum (Fig. 1) . HIV-1 RNA further decreased to Ͻ50 copies/ml by 24 weeks in several patients (A1155, A1160, A1162, and A1177). Virus was still intermittently detectable, however, at low copy numbers in samples from each of these patients during the trial. Only one patient in group A (A1169; Fig. 1 ) had a breakthrough of virus above 500 copies/ml late in the trial. The numbers of circulating CD4
ϩ T cells increased in all of these patients during the 2 years of combination therapy ( Fig. 1) (45) . In contrast, as previously reported (16, 17) , there was less effect on viral load and CD4 ϩ T cell numbers in patients who first received ZDV-3TC or IDV (groups B and C; Fig. 2 ) for 24 to 42 weeks before being switched to open-label, triple combination therapy. Patients B1159, B1178, C1158, and C1176 had Ͻ50 copies of HIV-1 RNA, whereas there was much less suppression of virus in the other three patients, after the switch to the triple-drug regimen. The four patients with Ͻ50 copies of HIV-1 RNA had increases in CD4 ϩ T-cell numbers after the switch to open-label, triple therapy. There were no significant changes in the numbers of CD8 ϩ T cells in the three groups throughout the course of treatment ( Fig. 1 and 2) .
Effect of triple-combination antiretroviral therapy on the numbers of CTLp specific for HIV-1 proteins. We examined CD8
ϩ CTLp function specific for the three major HIV-1 structural proteins with a conventional limiting-dilution assay (19) . The results show that several of the group A patients, who received the triple combination from the study onset, had increases in CTLp, particularly to Pol and Env, at consecutive times, peaking at weeks 8 to 12 (A1162, A1166, A1169, A1177, and A1179; Fig. 1 ). Changes in HIV-1-specific, bulk CTL lysis were comparable to that with CTLp (data not shown). Patients A1155 and A1160 had very low numbers of anti-HIV-1 CTLp (Fig. 1) and bulk CTL lysis (data not shown). Only two of these seven patients, however, maintained elevated CTLp activity throughout most of the study (A1166, anti-Gag, -Pol, and -Env; A1169, anti-Pol), with eventual decline to baseline levels after 2 years. Although there was a gap in CTLp data available from patient A1177 from weeks 8 to 52, results from the bulk lysis assay at all times before week 12 and at weeks 12, 24, and 36 showed that high levels of CTL activity against Gag, Pol, and Env were maintained through 36 weeks, with a concurrent decrease in both bulk lysis and CTLp responses at 52 weeks (data not shown).
The seven patients in groups B and C received ZDV-3TC (group B) or IDV alone (group C) for a median of 45 weeks (range, 24 to 50 weeks) before being switched to the tripledrug combination. After initiation of the three-drug regimen, group B and C patients had heterogeneous and variable changes in the numbers of CTLp. Three patients (B1178, C1176, and C1180) had transient increases in anti-Pol and anti-Gag CTLp during triple-drug therapy (Fig. 2) , as with the group A patients. These patients also had transient increases in CTLp responses during the double-combination or single-combination drug treatment phase of the trial (Fig. 2) . Although there was a gap in data available for CTLp from weeks 8 through 36 for patient B1171, results from the bulk CTL lysis experiments during this time indicated that there was no CTL response to any HIV-1 protein (data not shown).
Effect of combination antiretroviral therapy on the number of IFN-␥-producing CD8
؉ T cells in response to HIV-1 and CMV proteins. We quantified the number of IFN-␥-producing, CD8
ϩ T cells specific for the three major HIV-1 structural proteins and to the CMV pp65 matrix protein by a method recently developed in our laboratory (19a) . The study was done on a subset of 11 of the 14 patients who had sufficient numbers of cryopreserved PBMC for testing. Group A patients A1166, A1162, and A1179 had early, persistent elevations in IFN-␥-producing, CD8
ϩ cells specific for at least one HIV-1 protein that decreased to, or below, baseline levels by approximately 2 years of triple-drug therapy (Fig. 1) . Patients A1160 and A1169 had lower and fewer persistent elevations in IFN-␥-producing cells in response to the HIV-1 proteins. The number of IFN-␥-producing CD8 ϩ T cells in the group A patients also correlated with the levels of CTLp specific for Gag, Pol, and Env (Table 2) .
Sequential initiation of triple-drug therapy was not associated with consistent recovery of HIV-1-specific, CD8 ϩ -cell IFN-␥ production in four of the six group B and C patients either before or after receiving the triple-drug regimen (i.e., B1178, C1158, C1164, and C1180) (Fig. 2) . Patients B1159 and C1176, however, had a high, sustained number of IFN-␥-pro- ducing cells specific for at least one 1 HIV-1 protein during the pre-open-label portion of the drug trial and after the threedrug combination therapy (Fig. 2) . In further contrast to the group A patients, there were no significant correlations between the numbers of IFN-␥-producing CD8 ϩ cells and the CTLp levels in the group B and C patients (data not shown).
The changes in IFN-␥ production by CD8 ϩ T cells during combination antiretroviral therapy were not unique for HIV-1 proteins. That is, the numbers of IFN-␥-producing, CD8
ϩ cells specific for the CMV pp65 matrix antigen were comparable to the IFN-␥ responses to at least one HIV-1 protein during triple-drug treatment in most of the group A patients (Fig. 1 ) and the group B and C patients (Fig. 2) .
Relation of HIV-1-and CMV-specific, CD8 ؉ T-cell responses to viral load and T-cell counts during triple combination antiretroviral therapy. We investigated whether anti-HIV-1 CTLp and IFN-␥ reactivity after triple-drug therapy was related to changes in HIV-1 RNA levels and T-cell counts. We found that increases in CTLp correlated with decreases in HIV-1 plasma load during the first 12 weeks of simultaneous triple drug treatment in the group A patients (Table 2) . A significant although progressively weaker inverse correlation with HIV-1 RNA levels was maintained for 48 weeks for all three CTLp HIV-1-specific activities and for 132 weeks of followup for anti-Gag and anti-Pol CTLp in these patients (data not shown). There was no significant correlation between the CTLp levels and the number of T-cell subsets in group A patients or with viral load and T-cell subsets in group B and C patients during combination therapy (data not shown).
The only significant correlation for IFN-␥ production was the response to Pol and the number of CD4 ϩ and CD8 ϩ T cells and the response to CMV with the CD8 ϩ T-cell counts during the first 12 weeks of combination therapy in the group A patients (Table 2 ). These correlations were progressively weaker at later time points (data not shown).
Effect of combination antiretroviral therapy on reactivity of CD8 ؉ T cells to HIV-1 peptides assessed by single-cell IFN-␥ production. We next examined the breadth of the IFN-␥ response of CD8 ϩ T cells using HIV-1 peptides representing known HLA A*02 CTL epitopes in the subset of six HLA A*02 patients in this cohort. Some but not all of these peptides were recognized by CD8 ϩ T cells during the combined antiretroviral therapy. Thus, high, persistent numbers of IFN-␥-producing, CD8 ϩ cells were induced during triple-drug ther-
FIG. 1. Effect of treatment with IDV (I), ZDV (Z), and 3TC (L) initiated simultaneously for seven individually numbered group A patients on serum HIV-1 RNA and T-cell numbers (top rows), anti-HIV-1 CTLp (middle rows), and IFN-␥-producing CD8
ϩ cells (bottom rows). Data on IFN-␥ production were not available from patients A1155 and A1177. Longitudinal data are given for MACS participant A1166 from seroconversion (SC) through the Merck 035 drug trial.
apy by Gag p17 [77] [78] [79] [80] [81] [82] [83] [84] [85] in three of five patients tested (A1166, A1169, and B1178), by Pol RT 476-484 in two of five patients (A1166 and C1180), by Env gp120 [192] [193] [194] [195] [196] [197] [198] [199] in two of three patients (A1166 and B1178), and by Gag p24 151-159 in one of the three patients (C1180) (Fig. 3) .
The ability of the CD8 ϩ T cells to produce IFN-␥ to these CTL epitopes was not directly associated with the suppression of virus. This was demonstrated by the lack of any detectable IFN-␥ response to the A*02 peptides in patient A1160 (Fig. 3) , who had prolonged suppression of HIV-1 (Fig. 1) , and the relatively robust IFN-␥ activity in C1180 (Fig. 3) , whose virus was not completely suppressed (Fig. 1) .
The number of CD8 ϩ T cells producing IFN-␥ in response to Gag p17 77-85 peptide was higher than that for the Pol RT 476-484 peptide in these patients (Gag p17 77-85 ϭ 1,085 Ϯ 419; Pol RT 476-484 ϭ 165 Ϯ 48; n ϭ 52; P ϭ 0.03). IFN-␥ reactivity to the Gag p17 77-85 peptide, but not to the Pol RT 476-484 peptide, correlated with the IFN-␥ and CTLp responses to the corresponding HIV-1 proteins (Table 3 ). There were insufficient data for such comparisons of different types of T-cell reactivity to the other HIV-1 peptides.
Specificity of CD8
؉ T cells for HIV-1 peptides during combination antiretroviral therapy as assessed by HLA tetramer staining. We compared CD8 ϩ T-cell CTLp and IFN-␥ responses to the number of CD8 ϩ T cells expressing T-cell receptors for HIV-1 Gag p17 77-85 and Pol RT 476-484 by staining with HLA A*02 tetramers in the subset of six HLA A*02 patients. The levels of Gag p17 77-85 tetramer staining in the six patients were higher than those for Pol RT 476-484 (mean Ϯ the SE ϭ 8,236 Ϯ 947 and 3,402 Ϯ 280 per 10 6 CD8 ϩ T cells, respectively; n ϭ 69; P Ͻ 10
Ϫ5
). These levels were greater than the number of IFN-␥-producing, CD8
ϩ cells induced by the corresponding peptides (IFN-␥ for Gag p17 77-85 ϭ 1,085 Ϯ 419 and for Pol RT 476-484 ϭ 165 Ϯ 48; n ϭ 52; P Ͻ 10 Ϫ8 for both compared to the tetramer levels). The number of CD8 ϩ cells producing IFN-␥ in response to the Gag p17 77-85 and Pol RT 476-484 peptides, however, correlated with those staining with the matching tetramers (Table 3) . Similar associations were noted for the Gag p17 77-85 and RT 476-484 tetramers and the number of CTLp and IFN-␥ producing, CD8
ϩ cells stimulated by p55 Gag and Pol.
The median of the baseline levels before triple-drug treat-
FIG. 2. Effect of treatment with IDV (I), ZDV (Z)
, and 3TC (L) given sequentially after treatment with ZDV-3TC (group B) or IDV (group C) for three individually numbered group B patients and four group C patients on serum HIV-1 RNA and T-cell numbers (top rows), anti-HIV-1 CTLp (middle rows), and IFN-␥ producing CD8 ϩ cells (bottom rows). Data on IFN-␥ production were not available from patient B1171. Longitudinal data are given for MACS participants B1178 and C1158 from seroconversion (SC) through the Merck 035 drug trial.
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on October 30, 2017 by guest http://jvi.asm.org/ Downloaded from ment for the six patients was 8,900 (range, 2,400 to 16,300) per 10 6 CD8 ϩ cells for the Gag tetramer and 3,300 (range, 1,000 to 7,500) per 10 6 CD8 ϩ cells for the Pol tetramer. The number of CD8 ϩ cells staining with the p17 tetramer initially declined and then stabilized in the first 8 to 16 weeks of triple combination therapy in patients A1160, A1169, and B1178 and were relatively stable from the onset of the trial in patients A1166, C1164, and C1180 (Fig. 3) . This was also reflected in the relatively stable number of CD8 ϩ CD45RO ϩ cells staining with the tetramers (Fig. 4) . Notably, patient A1160 had the lowest numbers of tetramer-positive cells; these levels were just above the level of detection (200 per 10 6 cells, or 0.02%) after the initial decline.
Longitudinal anti-HIV-1 CD8 ؉ T-cell responses from seroconversion through combination antiretroviral therapy. Three of the patients receiving either the triple-drug therapy simultaneously at baseline (A1166) or the three-drug combination sequentially (B1178 and C1158) were also part of the MACS. This provided an unusual opportunity to assess anti-HIV-1 CD8 ϩ T-cell responses in relation to the complete course of HIV-1 infection from seroconversion through different courses of antiretroviral therapy. None of the HIV-1-or CMV-specific T-cell functional parameters correlated with changes in T-cell numbers or HIV-1 RNA load during the MACS study (data not shown). However, there were strong correlations between the number of anti-HIV-1 and anti-CMV IFN-␥-producing CD8 ϩ cells in these three MACS participants prior to the Merck 035 trial (Fig. 5) .
Patient A1166 had a progressive increase in numbers of CTLp and IFN-␥-producing CD8 ϩ cells specific for Gag, Pol, and Env and for IFN-␥ production to CMV, from seroconversion to approximately 2 years after infection, associated with a consistently high level of HIV-1 RNA (Fig. 1) . There was a similar increase in IFN-␥-producing cells in response to the p17, RT, and gp120 peptides, whereas the number of tetramerpositive cells was relatively high and stable during this time (Fig. 3) . By 4.4 years after infection, when the patient began this drug treatment trial, the numbers of CD8 ϩ T cells specific for HIV-1 proteins and CMV had declined severalfold. After placement on triple-drug therapy, the viral load decreased to Ͻ500 copies by 4 weeks. The number of anti-HIV-1 and anti-CMV CD8 ϩ cells increased concurrently in 24 weeks of combination antiretroviral therapy to numbers similar to the peak pretreatment level. These T-cell functions eventually decreased, however, to undetectable levels by 114 weeks of tripledrug therapy, while the virus remained suppressed.
Patient B1178 had a more prolonged delay in developing CTLp specific for HIV-1 proteins after seroconversion (Fig. 2) . In contrast, there was a robust IFN-␥ response by 0.8 years after seroconversion to all three HIV-1 proteins and CMV (Fig. 2) , as well as to the p17 peptide (400 spots/10 6 CD8 ϩ cells), with concurrently higher levels of p17 tetramer-positive cells (10,700/10 6 CD8 ϩ cells, or 1.07%) (Fig. 3) . These T-cell parameters declined by 8 years after infection. There were no CD8 ϩ IFN-␥ responses to the p24, RT, or Env peptides, although there were low numbers of Pol RT 476-484 tetramerpositive cells maintained for years after seroconversion. There was a sharp, transient rise in anti-HIV-1 and CMV CD8 ϩ T-cell reactivity in the 40 weeks of the dual-drug therapy, during which time the viral load rebounded to high, baseline levels. T-cell reactivity to HIV-1 proteins and CMV recovered after the switch to triple-drug therapy, with suppression of the viral load, but most of these immune parameters decreased by 132 weeks.
Patient C1158 developed CTLp against Gag and Env soon after seroconversion but subsequently had very low or undetectable numbers of CTLp precursors in the 5 years prior to entry into this drug therapy trial (Fig. 2) . Interestingly, there were high levels of IFN-␥-producing CD8 ϩ cells early after seroconversion to all three HIV-1 proteins and CMV that declined only by the start of this drug trial. This patient also maintained a high viral load during the 5 years of infection before the treatment trial, except for a transient decline during ZDV monotherapy. This participant showed an excellent virologic response to treatment with IDV alone, with suppression by 12 weeks in the trial. There were variable, fluctuating levels of CD8 ϩ T-cell responses to HIV-1 proteins and CMV antigen during the pre-open-label period and during the triple-drug treatment, even though the virus load remained suppressed.
Alteration in T-cell lineage and activation phenotypes by combination drug therapy. We next determined whether anti-HIV-1 CD8 ϩ cell reactivity was related to changes in CD8 ϩ memory and activated T cells. The percentage of CD8 ϩ CD45RO ϩ memory T cells decreased and that of CD8 ϩ CD45RA ϩ naive T cells increased during the first several months of treatment in the group A patients and then stabilized (Fig. 6A) . A similar pattern was noted for CD4 ϩ
CD45RO
ϩ memory T cells and CD4 ϩ CD45RA ϩ naive T cells in these patients (data not shown). Group A patients also showed decreases in activated CD8 ϩ CD38 ϩ HLA-DR ϩ cells that correlated with decreases in HIV-1 RNA (r ϭ 0.63, P ϭ 0.006), increases in CD4 ϩ cells (r ϭ Ϫ0.65, P Ͻ 0.001), and decreases in CD8 ϩ CD28 Ϫ cells (r ϭ 0.55, P ϭ 0.001). Group B and C patients showed changes in T-cell subpopulations when switched to triple-drug therapy that were different from those in group A. Thus, there was a rise in memory and activated CD8
ϩ T cells and a concurrent decrease in naive CD8 ϩ T cells in group B patients after the start of combination antiretroviral therapy (Fig. 6B) . There was little change from the baseline level in the memory and naive CD8 ϩ T cells in group C patients, whereas there were decreases in activated CD8 ϩ T cells during triple-drug therapy (Fig. 6C ). This may be related to the heterogeneous effects of the triple combination antiretroviral therapy on their viral load, i.e., one of three group B patients and two of four group C patients tested did not show complete suppression of HIV-1 RNA (Fig. 2) . We found no correlation of anti-HIV-1 CTLp or IFN-␥-producing cell numbers with the percentages of these CD8 
DISCUSSION
This study provides evidence that triple-drug antiretroviral therapy (IDV plus 3TC plus ZDV) fails to produce a sustained increase in anti-HIV-1 CD8 ϩ T-cell functions in HIV-1-infected patients with advanced immunodeficiency. There were two basic patterns of HIV-1-specific T-cell reactivity after combination antiretroviral therapy in the 14 patients in our study. One was an early rise from very low pretreatment levels in anti-HIV-1 CTLp and IFN␥-producing, CD8
ϩ cells specific for HIV-1 Gag, Pol, and Env during the triple-drug therapy. This response, however, declined to baseline levels in most of these patients by 2 years. This pattern is similar to the temporary enhancing effect of combination therapy on anti-HIV-1 CTLp in two late-stage patients recently described by Kalams et al. (21) . The second pattern of anti-HIV-1 CD8 ϩ T-cell responses that we observed was a failure of CTLp and IFN-␥ reactivity to increase above the low baseline levels throughout the 2 years of triple-drug therapy. It is possible that we missed brief, temporary rises of anti-HIV-1 T-cell activity in these patients during the time interval between test samples. However, Pontesilli et al. (37) have also noted that some late-stage patients on several different combination therapies for 1 year do not recover anti-HIV-1 CTLp reactivity.
Several factors could be related to the changes in anti-HIV-1 CD8 ϩ T-cell reactivity after combination antiretroviral therapy. Group A patients, who initiated the triple-drug combination from the study onset, had a strong correlation early in treatment between an increase in anti-HIV-1 CTLp to all three HIV-1 proteins and decreases in viral load. Interestingly, an increase in the number of IFN-␥-producing CD8 ϩ cells specific for Pol in the group A patients correlated with an increase in the number of CD4 ϩ and CD8 ϩ T cells but not with a decrease in viral load. These correlations were not evident in group B and C patients, who initiated treatment with the three drugs sequentially. The data suggest that CTLp and IFN-␥ CD8 ϩ cell functions, while related, are not identical. Thus, the ability of CD8 ϩ T cells to produce IFN-␥ in response to HIV-1 antigens may be a better correlate of recovery of T-cell immunity during combination therapy than the number of anti-HIV-1 CTLp. The data also suggest that sequential initiation of the three drugs, which is known to promote antiviral drug resistance (16) , has less restorative effect on functional, anti-HIV-1 CD8 ϩ cell reactivity than does initiating the three drugs simultaneously.
The results indicate that the early rise in anti-HIV-1 CD8 ϩ T-cell responses in the subgroup of our patients represents a true, albeit transient, enhancement of CD8 ϩ cell function. It does not appear to be simply a result of redistribution of preexisting populations of these CD8 ϩ memory cells from extravascular spaces during therapy (35) . That is, although we observed a decrease in the numbers of memory, CD8 ϩ
CD45RO
ϩ cells and activated, CD8 ϩ CD38 ϩ HLA DR ϩ and CD8
ϩ CD28 Ϫ cells in many of these patients, which include anti-HIV-1 CTL effectors (12, 18) , this did not correlate with changes in the number of CD8
ϩ CTLp or IFN-␥-producing cells. Alternatively, the enhancement in anti-HIV-1 CTLp could have been due to a selective increase in the growth potential of circulating CD8 ϩ T cells in response to HIV-1 antigen-presenting cells during combination therapy. This was not the case, however, as there was a similar, temporary augmentation in HIV-1-specific, IFN-␥-producing CD8 ϩ T cells in these patients that is not dependent on cell replication. Moreover, there was no difference in outgrowth of CD8 ϩ cells in CTLp cultures from patients with or without temporal increases in this anti-HIV-1 CD8
ϩ T-cell function. The longitudinal data in the three MACS participants from seroconversion suggest that persons who develop the strongest and most persistent CD8 after combination antiretroviral therapy. Both MACS participants with persistently high numbers of CTLp and IFN-␥-producing CD8 ϩ cells in response to the three HIV-1 proteins prior to the drug trial (A1166 and B1178) recovered similar levels of this T-cell reactivity for a prolonged period after receiving the triple-drug combination. The third patient (C1158) failed to develop consistently high numbers of CTLp specific for any of the HIV-1 proteins before or after treatment. He did, however, maintain relatively high numbers of IFN-␥-producing CD8 ϩ cells specific for HIV-1 during the MACS study that also reached high levels after triple-drug treatment.
An important finding of this study is that changes in CD8 ϩ T-cell reactivity were not restricted to anti-HIV-1 responses. The results from the three MACS patients were most illustrative of this where there were concurrent increases and eventual declines in both HIV-1-specific and CMV-specific, IFN-␥-producing CD8 ϩ cells after seroconversion and during the drug trial. We have observed a similar pattern of slow increase of anti-HIV-1 CD8 ϩ CTL after seroconversion, together with a persistently high HIV-1 load in about 75% of MACS subjects tested to date (43) . However, the concurrent rise and fall in anti-HIV-1 and anti-CMV CD8 ϩ T-cell reactivity during the natural progression of HIV-1 infection was unexpected. It could be a response to an increased burden of CMV antigen with progressive immunosuppression, although major elevations in systemic CMV load only appear late in HIV-1 infection (39) . Alternatively, it is possible that the increases in the number of anti-CMV CD8 ϩ T cells are due to a bystander effect where these cells are signaled to expand by cytokines produced in response to other, possibly HIV-1-specific stimuli (48) . The present study suggests that these antiviral CD8 ϩ memory T cells are under similar homeostatic control during both the natural progression of HIV-1 infection and after highly viral suppressive, triple-drug therapy.
We found a limited breadth of CD8 ϩ T-cell responses to four HLA A*02 peptides representing known CTL epitopes in patients receiving combination therapy. The IFN-␥ response to the Gag p17 77-85 peptide, one of the most widely recognized HLA A*02 HIV-1 epitopes (49), was present throughout treatment in three patients but was completely absent in the other two patients tested. Likewise, T-cell IFN-␥ reactivity to HLA A*02 epitope Pol RT 476-484 was found in only two of five patients after combination therapy. The patients also had heterogenous IFN-␥ responses to the Gag p24 151-159 and Env gp120 [192] [193] [194] [195] [196] [197] [198] [199] HLA A*02 epitopes. This restriction in T-cell specificity to certain HIV-1 peptides could be related to the persistence of oligoclonal CD8 ϩ T-cell repertoire perturbations after treatment (14) . In support of this, we found that a selective T-cell reactivity to these known HLA A*02 epitopes was present throughout the natural history of HIV-1 infection prior to initiation of triple-drug therapy in the two MACS HLA A*02 patients. Dalod and colleagues (7) have also recently shown that restricted CD8 ϩ T cell responses to HIV-1 peptides persist during natural HIV-1 infection. Our data suggest that dominance of T cell epitopes during natural HIV-1 infection is not broadened during combination therapy.
We postulate that the late decline in numbers of functional, HIV-1 specific, CD8 ϩ T cells during triple combination drug therapy may be a normal homeostatic response to the persistent reductions in HIV-1 antigen. Similar low levels of anti-HIV-1 CTLp have been found in some long-term nonprogressors with a very low viral load (23, 38, 43) . This finding is distinct from the loss of anti-HIV-1 CD8 ϩ T cells that occurs in progressive HIV-1 infection associated with a high viral burden and low CD4 ϩ T-cell numbers, as shown in our three MACS subjects and in other studies (23, 38, 43) . Different mechanisms may underlie this loss in progressive disease, including T-cell clonal deletion and anergy (28) , that are only partially reversed during triple-combination drug therapy.
A second basis for the loss of functional anti-HIV-1 CD8 ϩ T cells during treatment with the three-drug combination may be the lack of recovery of anti-HIV-1 CD4 ϩ T-cell responses, as we have noted in these same trials (45) . This notion is supported by reports that long-term maintenance of high levels of other types of antiviral CD8
ϩ CTL requires CD4 ϩ T-cell help (26, 42) . High CD4 ϩ T-cell reactivity to HIV-1 has also been related to lower HIV-1 load in long-term nonprogressors and in patients with early HIV-1 infection who are treated with combination therapies (20, 22, 46) .
The intensity of the T-cell response was also determined by staining the CD8 ϩ cells with HLA A*02 Gag p17 77-85 and Pol RT 476-484 tetramers. The numbers of CD8 ϩ cells binding the Gag tetramer were higher than for the Pol tetramer, as previously reported (30) . Our data show that the tetramer staining and single-cell IFN-␥ responses to these peptides were correlated but were not identical parameters of immunity. Of interest is that there was persistent reactivity of CD8 ϩ T cells to these two tetramers in the two MACS participants in the years prior to the trial. These data contrast with a recent report that lower levels of tetramer-binding CD8 ϩ cells are associated with disease progression in HIV-1-infected persons not receiving combination therapy (32) . As noted in other studies (15, 30, 31) , we found an early decrease in tetramer staining in some patients during combination therapy. However, like the two patients recently studied by Kalams et al. (21) , most of the FIG. 5 . Correlations between the IFN-␥ responses to CMV and HIV-1 Gag, Pol, and Env in the three MACS participants (A1166, B1178, and C1158) after seroconversion and prior to entry into the Merck 035 trial.
patients on triple-drug therapy in our study maintained relatively stable levels of tetramer-positive CD8 ϩ cells, including CD45RO ϩ memory T cells. This population of CD8 ϩ CD45RO ϩ cells may be an important, residual source of memory T cells specific for HIV-1 in patients on combination therapy.
It is known that HIV-1 can break through combination therapy resulting in viral load rebound (16) and that latent virus can persist in resting CD4 ϩ T cells and be reactivated (6, 10, 11, 53) . Our study and others (34, 40) suggest that strategies to increase T-cell function will be required as adjunct therapy to restore anti-HIV-1 immunity and better control HIV-1 infection. In this regard, we have found that HIV-1-specific, CD8 ϩ T cells can be induced in vitro by multiple, repetitive stimulations with IL-12 and dendritic cells loaded with HIV-1 proteins (55; Z. Fan, X. Huang, and C. R. Rinaldo, Jr., unpublished results). This induction is possible with samples from patients who have not responded to stimulation with our conventional, VV-HIV-1 and B-LCL system (Fan et al., unpublished) . This, together with our present finding of residual CD8 ϩ T cells specific for HIV-1 immunodominant peptides, suggests that competent T cells specific for HIV-1 are still present after prolonged combination therapy. Such cells offer a target for immunomodulation in vivo that could improve the host's capacity to control HIV-1 infection and enhance the effectiveness of antiretroviral therapy.
